In Corte de Pedra (CP), northeastern Brazil, Leishmania braziliensis causes three distinct forms of American tegumentary leishmaniasis (ATL). To test the hypothesis that strain polymorphism may be involved in this disease spectrum and accurately characterize the parasite population structure in CP, we compared one L. major, two non-CP L. braziliensis, one CP L. amazonensis, and 45 CP L. braziliensis isolates, obtained over a 10-year period from localized cutaneous, mucosal, and disseminated leishmaniasis patients, with randomly amplified polymorphic DNA (RAPD). Electrophoretic profiles were mostly unique across species. All typing protocols revealed polymorphism among the 45 CP L. braziliensis isolates, which displayed eight different RAPD patterns and greater than 80% overall fingerprint identity, attesting to the adequacy of the tools to assess strain variability in CP's geographically limited population of parasites. The dendrogram based on the sum of RAPD profiles of each isolate unveiled nine discrete typing units clustered into five clades. Global positioning showed extensive overlap of these clades in CP, precluding geographic sequestration as the mechanism of the observed structuralization. Finally, all forms of ATL presented a statistically significant difference in their frequencies among the clades, suggesting that L. braziliensis genotypes may be accompanied by specific disease manifestation after infection.
In Corte de Pedra (CP), northeastern Brazil, Leishmania braziliensis causes three distinct forms of American tegumentary leishmaniasis (ATL).
To test the hypothesis that strain polymorphism may be involved in this disease spectrum and accurately characterize the parasite population structure in CP, we compared one L. major, two non-CP L. braziliensis, one CP L. amazonensis, and 45 CP L. braziliensis isolates, obtained over a 10-year period from localized cutaneous, mucosal, and disseminated leishmaniasis patients, with randomly amplified polymorphic DNA (RAPD). Electrophoretic profiles were mostly unique across species. All typing protocols revealed polymorphism among the 45 CP L. braziliensis isolates, which displayed eight different RAPD patterns and greater than 80% overall fingerprint identity, attesting to the adequacy of the tools to assess strain variability in CP's geographically limited population of parasites. The dendrogram based on the sum of RAPD profiles of each isolate unveiled nine discrete typing units clustered into five clades. Global positioning showed extensive overlap of these clades in CP, precluding geographic sequestration as the mechanism of the observed structuralization. Finally, all forms of ATL presented a statistically significant difference in their frequencies among the clades, suggesting that L. braziliensis genotypes may be accompanied by specific disease manifestation after infection.
Leishmaniases encompass a spectrum of diseases that occur mostly in tropical and subtropical areas of the globe. They pose a major public health problem, with 400 million individuals at risk, plus an annual estimated worldwide incidence of 600,000 and prevalence of 12 million cases (9) . Productive infections result in visceral or tegumentary disorders of potentially lifethreatening or disfiguring clinical outcomes (1, 19) . There is substantial variability among the etiological agents at the subgenus level, with at least 15 species described (30, 31) . The strong association between Leishmania spp. and different disease forms suggests a role of the microorganism's specific genetic background on clinical manifestation and possibly prognosis.
For the last 20 years our group has focused attention on the study of American tegumentary leishmaniasis (ATL) in the area of Corte de Pedra (CP) where it is endemic (Fig. 1) . Three distinct forms of ATL can be found in this region: localized cutaneous, mucosal, and disseminated leishmaniasis. Cutaneous, mucosal, and disseminated leishmaniasis are all associated with L. braziliensis in CP, differing markedly clinically and immunologically. Cutaneous leishmaniasis is usually limited to a single or a few skin ulcers more commonly found in the upper and lower limbs, being characterized by moderate and wellregulated antileishmanial Th1 immune responses (1) . In disseminated leishmaniasis, multiple ulcerated and nonulcerated skin lesions are concurrently found in more than one area of the patient's body, which may be preceded by a brief period of transient low-grade fever. Individuals with disseminated leishmaniasis present with poorer gamma interferon and tumor necrosis factor alpha responses than those with cutaneous leishmaniasis (5, 7, 35) . Mucosal leishmaniasis is the most severe complication of ATL, affecting mostly the mouth, nose, and pharyngeal mucosae. It is characterized by an exaggerated immune response, rich in proinflamatory cytokines like tumor necrosis factor alpha and gamma interferon, which may lead to severely disfiguring facial lesions and life-threatening oral, pharyngeal, and laryngeal destruction (2, 18) . Up to 4% of cutaneous leishmaniasis and 40% of disseminated leishmaniasis patients develop mucosal leishmaniasis (18, 35) . This wealth of leishmaniasis outcomes in a confined area led us to suspect that more subtle intraspecific genetic variation among the Leishmania spp. might be involved in the disease spectrum observed with ATL.
In order to test this hypothesis, accurate characterization of the population structure of the etiologic agents in the region was necessary. Little is known about the mode of reproduction, evolution, and polymorphism of parasites in areas of active disease transmission. This basic knowledge is of great importance not only for understanding the microorganism's biology, but also for devising more effective preventive and therapeutic interventions. Corte de Pedra's small size, steady human population dynamics, and diverse clinical forms of ATL associated with L. braziliensis make it an excellent study site to address these questions.
MATERIALS AND METHODS
Parasite isolates and genomic DNA extractions. One L. major, two non-CP L. braziliensis, one CP L. amazonensis, and 45 CP L. braziliensis isolates were used in the study ( Table 1 ). The samples tested were obtained over a 10-year period, between 1992 and 2001, from cutaneous, mucosal, and disseminated leishmaniasis patients by aspiration of lesions at initial consultations, before treatment. Each isolate originated from a different human subject. Parasite samples of disseminated leishmaniasis patients developing mucosal leishmaniasis were not represented in the study. Aspirates were cultivated in LIT/NNN medium at 25°C, transferred to Schneider medium, and incubated until the parasites reached the late logarithmic phase, then stored frozen in dimethyl sulfoxide at Ϫ180°C. For genomic DNA extraction, stocks of isolates were thawed, cultivated in Schneider medium for up to 10 7 cells/ml, and treated as previously described (22) . Longterm storage DNA aliquots were kept at Ϫ70°C, while test samples were maintained at Ϫ20°C.
ATL-endemic area characterization. Corte de Pedra comprises 20 municipalities that developed in a rural area formerly dominated by an Atlantic rain forest. L. braziliensis-transmitting Lutzomyia (Nyssomyia) whitmany and L. (Nyssomyia) intermedia are endemic among the local fauna. This biome has not undergone any major changes during the time frame of the study. Residents of CP are mostly engaged in agriculture, often carried out within primary or secondary forests. There is little population migration in or out of this region. The study participants' average time of residence in their living addresses at the time of diagnosis and parasite sampling was 17.5 years.
Parasite genotyping and classification. Four randomly amplified polymorphic DNA (RAPD) protocols were used for molecular genotyping of parasite isolates, employing three different primers either singly or in combination (Table 2) . Reaction conditions were: 20 ng of DNA; 0.2 mM each dATP, dTTP, dGTP, and dCTP; 3.5 mM MgCl 2 ; 4 M each primer; and 0.5 U of Platinum Taq DNA polymerase plus standard MgCl 2 -free PCR buffer (Invitrogen Co.). All protocols applied one cycle of 5 min at 94°C, followed by 35 cycles of 30 s at 94°C, 1 min at 36°C, and 2 min at 72°C on a GeneAmp 9600 PCR system (Perkin Elmer Inc.). Amplicons were fractionated by 1.3% agarose gel electrophoreses performed in 0.5ϫ TBE buffer at 120 V for 50 min. After ethidium bromide (0.5 g/ml) staining, gels were digitally photographed with a UVP Labworks laboratory imaging and analysis system (UVP Inc.). Well-defined and reproducible bands identified in the electrophoretic profiles were explored to score for the presence or absence of characters in each tested Leishmania isolate. We defined as plesiomorphic those bands occurring in all three species and as sinapomorphic those common to all or a subset of individuals of a single species. The resulting character matrix was used to construct a dendrogram based on unweighted pair-group method with arithmetic averages (UPGMA) cluster analysis with PAUP (Sinauer Associates Inc.) and Winclada systematic analysis packages.
Geographic positioning of Leishmania braziliensis isolates. High-resolution distribution of isolates in the ATL-endemic area was determined by acquisition of geographic coordinates of likely places of disease transmission, with a Brunton Multinavigator global positioning system apparatus (The Brunton Co.) with a 15-m range precision. Since disease is thought to be transmitted mostly within plantations, where residents of the region live and work, patient residences were used as reference points for standardization purposes. Collected data were then Statistical analysis. Differences in distribution frequencies of cutaneous leishmaniasis, disseminated leishmaniasis, and mucosal leishmaniasis cases among clades of L. braziliensis in the sample studied (see Fig. 3 ) were analyzed by chi-square test, employing medians for comparisons, while evaluations of patients' ages and times of residence in their living addresses at the moment of diagnosis and parasite isolation, as well as times elapsed since parasite sampling used the Kruskal-Wallis one-way analysis of variance. In the analyses, clades enriched in cutaneous leishmaniasis ( Fig. 3B and E) , disseminated leishmaniasis ( Fig. 3A and D) and mucosal leishmaniasis (Fig. 3C) were taken as groups 1, 2, and 3, respectively. P Ͻ 0.05 was considered significant.
RESULTS
The parasite genotypes generated by all RAPD protocols used in this study revealed polymorphism among Leishmania braziliensis isolates from CP (Fig. 2) . The majority of amplicons in the RAPD electrophoretic patterns were shared among the 47 L. braziliensis isolates tested. In each typing protocol, polymorphism was usually scored by one or a few bands consistently either present or absent in subsets of the assayed sample. The frequency of individuals presenting a particular polymorphic character ranged from 21.3% to 66% (Fig. 2C and B,  respectively) . When the results of all typing protocols were combined and data were compared across isolates, an overall identity of greater than 80% was found among all the genomic fingerprints.
Electrophoretic profiles for the three distinct Leishmania spp. assayed were mostly unique across species, with only few shared bands (Fig. 2) . On the other hand, the 47 L. braziliensis test isolates displayed a total of eight different RAPD patterns, indicating the usefulness of the typing procedures for discriminating this group of parasites at the specific and intraspecific levels. Moreover, the methods showed enough resolving power to reveal strain variability even in geographically limited populations of parasites, such as in CP.
To better evaluate the polymorphism of CP L. braziliensis and characterize its population structure, we combined the electrophoretic profiles obtained with each RAPD and classified the isolates by distance. The UPGMA dendrogram in Fig.  3 further identifies the complexity of this parasite population in CP. Nine distinguishable discrete typing units (Fig. 3, labeled 1  to 9 ), each comprised of 3 to 11 isolates, considered clones, were found. Mapping single characters in the final dendrogram unveiled a pattern of clone/clade acquisition/loss of polymorphic traits. For instance, polymorphic character 3 (Fig. 2 , RAPD C) divides the L. braziliensis sample into marker-positive (Fig. 3, black branch) and marker-negative subpopulations. The observation of identical genotypes among isolates collected up to 6 years apart indicates that the mutations detected in these parasites are stably maintained for long periods of time in the region.
The occurrence of subpopulations of L. braziliensis with closer genetic backgrounds was evidenced by five well-defined clades of discrete typing units (Fig. 3, labeled A to E ). Global positioning of tested isolates showed extensive overlap of these clades in CP (Fig. 4) , precluding geographic sequestration as the mechanism of the observed structuralization. Clades A and C were more localized to the northeastern and central sectors, respectively, while B, D, and E had a wider distribution over the region.
The distribution of human disease outcomes due to infection with the tested isolates in Fig. 3 suggests a role for the L. braziliensis strain polymorphism in the course of American tegumentary leishmaniasis. Three of the five clades (A, C, and D) were dominated by either mucosal leishmaniasis or disseminated leishmaniasis, which presented twice the frequency of cutaneous leishmaniasis in A and C despite corresponding to only about half the sample input altogether. Also of note was the finding that the two non-CP isolates (Lb46 and Lb47) cosegregated with CP clones (two and five, respectively) originating from patients with the same clinical outcomes. To statistically test for the association between clades of parasites and clinical presentation of disease, we divided the sample into three groups: cutaneous leishmaniasis enriched clades B and E; disseminated leishmaniasis enriched clades A and D; and mucosal leishmaniasis enriched clade C. All forms of ATL showed a statistically significant difference in their distributions among these sets of clades (Table 3) , which further suggested that L. braziliensis genotypes may be accompanied by specific disease manifestations after infection.
On the other hand, the patients' ages (A and D, B and E, and C medians of 19, 20, and 33 years, respectively; P ϭ 0.47) and times of residence at their living addresses at the moment of diagnosis and parasite isolation (A and D, B and E, and C medians of 16, 12, and 18 years, respectively; P ϭ 0.19), as well as times elapsed since parasite sampling (A and D, B and E, and C medians of 1, 1, and 0.5 years, respectively; P ϭ 0.18) were statistically similar among all clades as tested by KruskalWallis one-way analysis of variance.
DISCUSSION
American tegumentary leishmaniasis is a major public health problem in the New World. ATL is often difficult to treat and presents with severe, frequently disfiguring outcomes, and extreme cases may even result in the patient's death. L. braziliensis is one of the parasites responsible for ATL in South America. The wide spectrum of disorders caused by these protozoa suggests an intraspecies variability that affects disease manifestations. Here we explored a well-defined study area where ATL is endemic (Corte de Pedra) to better evaluate the population structure among medically relevant FIG. 3 . UPGMA dendrogram of 49 Leishmania isolates generated according to RAPD A to D data. Labels at the end of branches show L. braziliensis isolates of American tegumentary leishmaniasis cases from Corte de Pedra (Lb 1 to 45), non-Corte de Pedra L. braziliensis isolated from ATL cases (Lb 46 and 47, also labeled NCP), an L. major isolate (Lm), an L. amazonensis isolate (La), and isolates of localized cutaneous, mucosal, and disseminated disease origin (C, M, and D, respectively). Labels at node origins: A to E, L. braziliensis clades A to E, respectively; 1 to 9, L. braziliensis clones 1 to 9, respectively. Highlighted in black is clade C diagnosed by polymorphic character 3 (see text).
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Leishmania spp. and determine if strain differences are associated with different clinical outcomes. We found a multiclonal population structure among the isolates obtained from clinical cases in CP. This suggests that sexual reproduction is not frequent among L. braziliensis in this region. Proliferation of the organism in the area appears to occur predominantly by binary fission, resulting in clonal expansion of individual strains, as suggested by the inability of geographically overlapping subpopulations to share genetic tags like clade C-specific polymorphic character 3. This observation is supported by recent sequencing data from L. major Friedlin chromosome one, which indicated almost complete identity between the two homologs of a diploid pair (23) . This would be unexpected if sexual reproduction in Leishmania spp. were the rule. Still other systematic studies, employing strains from distant geographic origins, have reported strain polymorphism (3, 6, 8, 11, 13, 14, 16, 20, (24) (25) (26) (27) 34) and possible clonal proliferation of Leishmania spp. (3, 8, 16, 32, 33) , further strengthening our findings. Nonetheless, in vitro evidence of sexual reproduction (17, 36) and field reports describing hybrids (4, 8, 10, 12 ) do exist, usually of different species, suggesting rare mating events in nature.
Most efforts to link the polymorphism of Leishmania strains with clinical outcome have not been very revealing (11, 24, 27, 34) . Wide geographic distribution and multiple sources (e.g., vectors, reservoirs and human immunodeficiency virus-positive and -negative human hosts) of tested isolates may be among the reasons for this lack of associations. However, two Colombian reports by Saravia et al. (25, 26) were very insightful in this respect. In one study, they detected an increased frequency of mucosal involvement among human cases by a particular L. braziliensis zymodeme (25) , while in the other (26) similar findings were described for a group of serologically null strains of L. braziliensis and L. panamensis. Furthermore, the disease evolution in those infected with parasites of the zymodeme mentioned was statistically longer (P ϭ 0.002) than that caused by other strains (25) .
The multiclonal structure of L. braziliensis in CP greatly simplified our task of evaluating the role of strain polymorphism on the outcomes of ATL. All forms of tegumentary leishmaniasis showed a statistically different distribution among the clades of the dendrogram. The biological significance of the findings is reinforced by the identification of subpopulations markedly enriched in parasites drawn from mucosal leishmaniasis and disseminated leishmaniasis cases. The frequencies of such isolates in these "biased clades "   FIG. 4 . High-resolution mapping of American tegumentary leishmaniasis cases bearing Leishmania braziliensis isolates in Corte de Pedra. Red, dark blue, yellow, pink, and light blue dots correspond to parasites from clades A, B, C, D, and E (depicted in Fig. 3 ), respectively. For details, refer to the Materials and Methods section. reached 50% to 71% despite their overall input of about half that for cutaneous leishmaniasis in the sample. Also remarkable was the observation of discrete typing units containing only mucosal leishmaniasis or disseminated leishmaniasis clones, including those of non-CP origin. Besides strengthening the evidence for the link between microorganism strain differences and disease outcome, this last finding also suggests an interchange of L. braziliensis genotypes between CP and surrounding areas. The absence of disseminated leishmaniasis-borne genotypes in clade C and of mucosal leishmaniasis in clades A and D was surprising, considering the high frequency of mucosal involvement in disseminated leishmaniasis. We offer two possible explanations for this observation. First, there was a lack of isolates from individuals with disseminated leishmaniasis developing mucosal leishmaniasis in the sample. Second, diverse pathways triggered by particular L. braziliensis strains exist for mucosal involvement. In fact, the lesions found in the nose of disseminated leishmaniasis patients are different from what has been classically detected for mucosal leishmaniasis. While in the former they are characterized by small nodules, in the latter there is a strong inflammatory reaction associated with deep ulcers. Furthermore, it is of note that peripheral blood mononuclear cells react to Leishmania antigen with a strong proinflammatory bias in mucosal leishmaniasis and closer to a milder Th1 with higher levels of interleukin-10 in disseminated leishmaniasis (2, 5, 7, 18, 35) . This marked contrast in systemic immunity certainly reinforces the question of whether mucosal injury may be a common consequence of different pathogenetic mechanisms in ATL.
The presence of cutaneous leishmaniasis isolates in all clades was not unexpected and reflects the natural history of ATL. The most common manifestations of disseminated and mucosal leishmaniases are either immediately or historically preceded by single ulcers typical of localized cutaneous disease (5, 7, 18, 35) . Thus, early diagnosis followed by effective therapy may link a parasite genotype commonly found in mucosal leishmaniasis and disseminated leishmaniasis to cutaneous leishmaniasis. Another important cautionary note regards the possibility of mixed infections previously reported in New and Old World leishmaniases (15, 21, 28, 29) . In such instances, a dominant strain, possibly due to its greater relative load, immune response evasiveness, or drug resistance, may more strongly influence outcome. However, in vitro selection of less clinically relevant clones during rounds of laboratory cultivation might lead to artifactual selection during the evaluation process. It has been demonstrated that cocultures of Leishmania spp. from natural infections tend to be dominated by a single species (15) . In our case, however, we expect the great majority of genotypes found reflect the predominant and medically relevant L. braziliensis strains in CP, especially because only a single or very few rounds of cultivation separated isolation from DNA extraction and also due to the extensive redundancy detected.
Finally, the identification of a subpopulation-specific marker (polymorphic character 3) in our sample was also quite revealing. It suggests the feasibility of future descriptions of parasite genetic tags with prognostic value that could be explored for the clade/clonal detection and treatment of ATL. This would enable early identification of possibly unfavorable outcomes and proper adjustment of therapy.
